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ABSTRACT 
Research regarding the effects of chronic exercise training and age on orthostatic 
tolerance is conflicting. Thus this study examined the cardiovascular responses of 40 subjects 
in four groups [young fit (YF), young unfit (YU), old fit (OF) and old unfit (OU)] to graded 
LBNP. Variables were assessed at resting and at each level (-10 mmHg) of LBNP till the 
completion of the protocol (-100 mmHg) or at the onset of presyncopal symptoms. Variables 
assessed included heart rate, stroke volume, cardiac output, mean arterial pressure, pulse 
pressure, systolic blood pressure, diastolic blood pressure, forearm vascular conductance and 
total peripheral conductance. Mean arterial, systolic and diastolic pressure were higher at rest 
and throughout the protocol in the OU group. The YF group had a lower resting heart rate 
and also showed earlier and higher tachycardia in response to LBNP. There were no 
significant group differences in the tolerance to LBNP. There were no significant age by 
LBNP or exercise by LBNP differences, indicating that all the four groups tolerated LBNP 
equally well. 
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CHAPTER 1: INTRODUCTION 
Orthostatic intolerance is the inability to maintain cerebral blood perfusion with a 
change in posture. In a passive upright posture, blood pools in the lower extremities because 
of gravity and the muscle pump, being essentially inactive, does not propel the blood towards 
the heart. Most of this blood volume is in veins since they are much more compliant than 
arteries. After prolonged orthostatic stress, such as the passive upright posture, venous return 
and cardiac output become inadequate. This decreases blood flow to the brain. The person 
develops presyncopal symptoms including nausea, vomiting or lightheadedness. If blood 
pressure is not restored to normal, it will lead to unconsciousness (syncope) and even death. 
Several researchers have found numerous factors which can affect orthostatic 
tolerance. Autonomic nervous system dysfunction (Frey and Hoffler, 1988), reduced or 
altered baroreflex sensitivity (Shi et al., 1996) and altered venous compliance (Olsen and 
Lanne, 1998) are some of the factors found to affect orthostatic tolerance. In addition to these 
factors, age, gender and fitness level can also affect orthostatic tolerance. It has been shown 
that factors such as baroreceptor sensitivity and venous compliance are attenuated by age and 
by very high fitness levels, thus in turn affecting orthostatic tolerance (Blomqvist, Raven 
P.B. and Rohm-Young 1984; Frey and Hoffler,1988; Gass et al., 2001). Although orthostatic 
hypotension has been reported among the elderly (Shi et al., 2000) and endurance athletes 
(Pawelczyk and Raven, 1993), several studies have also shown opposite results (Convertino, 
1993; Gass et al., 2001). It is not well established how endurance training affects different 
physiological parameters which contribute to orthostatic tolerance. Likewise, it is unclear 
how aging alters the cardiovascular mechanisms which can lead to reduced or enhanced 
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tolerance. One of the limitations of many of these studies is in the use of submaximal 
orthostatic stress. It has not been proven whether the elderly feel the presyncopal symptoms 
earlier or later after exposure to orthostatic stress. Numerous studies have examined the 
effects of exercise training on tolerance in the young population. However, very few studies 
have addressed the effects of aging and exercise training on orthostatic tolerance using 
maximal orthostatic stress (Convertino, 1993). 
Statement of the Problem 
The cardiovascular responses and the orthostatic tolerance of older people differ from 
those of the young and those of the fit differ from the unfit. However, to date, it remains 
uncertain how age and exercise training interact to affect the responses to orthostatic stress. 
Therefore, the purpose of this study was to examine the effects of age and exercise training 
on orthostatic tolerance using lower body negative pressure (LBNP). 
Research Hypotheses 
1) The orthostatic tolerance will be higher in the fit subjects as compared to the unfit. 
Cardiovascular responses to LBNP will differ between fit and unfit subjects. 
2) The orthostatic tolerance will be higher in the young subjects as compared to elderly 
subjects. Cardiovascular responses to LBNP will differ between the young and elderly. 
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CHAPTER 2: LITERATURE REVIEW 
The purpose of this literature review is to present the pertinent literature on 
cardiovascular responses to orthostatic stress. Typical cardiovascular responses to orthostatic 
stress are described. The effects of age, fitness level and exercise training on cardiovascular 
responses to exercise and on orthostatic tolerance are also discussed. 
Cardiovascular Responses to Orthostatic Stress 
During orthostatic stress, such as prolonged upright posture, a large volume of blood 
pools in the blood vessels of the lower limbs. Venous valves normally control this movement 
of the blood into the lower limbs, preventing a large decline in the central blood volume. The 
muscle pump also helps to propel the blood upward towards the right atrium. The muscles 
contract and compress the veins propelling the blood towards the heart. Even small muscle 
contractions are forceful enough to push the blood upward. However, during passive upright 
posture this muscle pump activity does not work and the valves become incompetent. Thus a 
large amount of blood accumulates in the leg veins. Over time, the veins slowly increase 
their compliance as the amount of blood entering them increases, thereby accommodating 
even more blood volume. In addition to this blood volume change, some plasma volume is 
also lost to the surrounding tissue due to the pressure gradient between the veins and tissues 
(Hargens, 1993). 
This large blood volume displacement and the lack of the muscle pump can lead to a 
reduction in central blood volume. Declines in the central blood volume lead to a drop in 
central venous pressure or right atrial pressure. Reduced central venous pressure leads to a 
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drop in left ventricular pressure and volume. Cardiac output eventually falls below normal 
and this reduces blood flow to the brain. 
Fortunately, humans have rapid compensatory responses to these changes in posture. 
As a response to reductions in the central venous pressure, there is an immediate increase in 
heart rate. This initial response is presumably mediated by baroreceptors. There are two 
populations ofbaroreceptors, arterial and cardiopulmonary receptors, which play a role in 
maintaining normal blood pressure. Baroreceptors monitor beat to beat changes in the stretch 
on the arterial wall and signal the cardiovascular center in the brain to make appropriate 
changes in heart rate, stroke volume and peripheral resistance in order to normalize blood 
pressure (Mancia and Mark, 1983). 
The tachycardic response to orthostatic stress is initially due to vagal withdrawal and 
later on due to sympathetic activation as a result of decreased inhibitory signals from the 
baroreceptors. Frey and Hoffler found that increases in the thoracic impedance and heart rate 
were greater among women in response to graded LBNP up to-50 mmHg as compared to 
men. They also found that the women had smaller increases in the peripheral resistance in 
response to LBNP compared to male subjects. They suggest that vagal withdrawal is the 
'first line of defense' for women during orthostatic stress and sympathetic stimulation is the 
primary response for men (Frey and Hoffler, 1988). Bie et al. studied the cardiovascular 
responses of college age males to LBNP with and without atropine administration. Atropine 
blocks the activity of the vagus nerve on the heart. Bie et al. found that tachycardic response 
to the initial hypovolemia was unaffected by atropine administration in the subjects. This 
suggests that blockade of vagal activity did not have an effect on the initial tachycardia (Bie 
et al., 1988). 
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Cardiopulmonary baroreceptors are considered low- pressure receptors which are 
unloaded at mild LBNP (:S 20 mmHg). Unloading of these receptors results in reductions in 
forearm blood flow. Tripathi and Nadel demonstrated that in response to reduced 
baroreceptor activity induced by LBNP, forearm blood flow declines concurrent with the 
increases in LBNP. They also showed that the forearm muscle attains almost complete 
vasoconstriction at -20 mmHg of LBNP but skin vasoconstriction shows a graded increase 
till-50 mmHg LBNP {Tripathi and Nadel, 1986). 
Arterial baroreceptors are situated in the aortic arch and the carotid sinuses. They are 
unloaded with declines in arterial pressure and aortic pulse pressure as the LBNP becomes 
more negative than -20mmHg. It has been suggested that the arterial baroreceptors bring 
about increases or decreases in heart rate depending upon the fall or rise in the arterial 
pressure. (Mancia and Mark, 1983) and are also responsible for the splanchnic 
vasoconstriction observed during LBNP greater than -20 mmHg (Abboud et al., 1979). 
As a person approaches her tolerance, there is a rise in the heart rate and sudden fall in 
the arterial blood pressure and also in the cardiac output. The person develops presyncopal 
symptoms including nausea, vomiting, and lightheadedness. If the blood pressure is not 
restored back to normal, the person can experience syncope. 
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Orthostatic Tolerance and Chronic Exercise 
Endurance training increases resting cardiac output, stroke volume and blood volume. 
It is expected that another adaptation would be an improved tolerance to orthostatic stress. 
Some studies have shown that the better the fitness status, the better the tolerance to 
LBNP (Convertino, 1993; Frey and Hoffler, 1988). Others have suggested that, ifthe 
V02peak is improved after endurance training but is still maintained below 55 to 60 
ml/kg/min, then the improved aerobic capacity enhances orthostatic tolerance (Convertino 
1993; Pawelczyk and Raven, 1993 ). Convertino suggested that such moderate increases in 
aerobic capacity are accompanied by increases in blood volume, thereby increasing resting 
stroke volume. Thus these subjects are able to maintain cardiac output with orthostatic stress, 
even with a blunted increase in the heart rate. In an exercise training study, which improved 
the subjects aerobic capacity by 20% but V02max was still maintained below 55-60 
ml/kg/min, it was shown that the tolerance of the subjects improved 28% (Convertino, 1993). 
On the other hand, some studies comparing highly endurance trained athletes with 
untrained or moderately trained persons have found that orthostatic tolerance is reduced in 
the endurance- trained athletes (Blomqvist et al., 1991; Pawelczyk and Raven, 1993). 
Blomqvist et al. compared three groups of men who were high fit (V02peak 60 ± 0.8 
ml/kg/min), mid fit (V02peak 48.9 ± 1.0 ml/kg/min) or low fit (V02peak 35.7 ± 0.9 
ml/kg/min). They showed that the high fit group had a lower tolerance to LBNP compared to 
mid or low fit groups. They also showed that the high fit individuals had higher maximal calf 
vascular conductance showing greater blood pooling in the lower extremities. (Blomqvist et 
al., 1991). 
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Endurance- trained athletes have greater blood volume and also greater resting cardiac 
output. Thus it is expected that they will be able to withstand better the pooling of the blood 
in the lower limbs and the consequent fall in the cardiac output and blood pressure. 
Blomqvist et al. found that highly fit subjects had a lower tolerance compared to average fit 
subjects in spite of similar levels of venous blood pooling. They also found a greater drop in 
systolic blood pressure among the highly fit persons. They attributed this greater drop in 
blood pressure to a reduced ability to vasoconstrict and reduced baroreflex sensitivity 
(Blomqvist et al., 1991). 
Levine suggested that endurance athletes experience structural changes in the 
cardiovascular system and have higher left ventricular compliance and distensibility. This 
leads to an excessive decrease in stroke volume during orthostasis and might be contributing 
to orthostatic intolerance (Levine, 1993). In a study conducted by Tipton et al., on trained 
and untrained rats, it was found that the trained rats experienced greater and faster falls in the 
arterial blood pressure in response to orthostatic stress compared to untrained rats. They 
related these results to reduced baroreceptor activity and higher venous compliance in the 
endurance-trained rats (Tipton et al., 1982). 
Studies have shown that highly trained endurance athletes show a blunted increase in 
heart rate in response to orthostatic stress and experience a greater drop in stroke volume 
compared to less fit persons (Blomqvist et al., 1991 ). Moreover, the highly fit athletes show 
less of an increase in peripheral vascular resistance in response to the same level of LBNP 
(Raven, Rohm-Young and Blomqvist, 1984; Raven et al., 1992). Several studies have found 
that the endurance- trained athletes have reduced baroreflex sensitivity (Mack et al., 1991; 
Gass et al., 200 I; Raven et al., 1992). Raven et al. studied the effects of 8 months of 
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endurance exercise training, which resulted in increased V02max and total blood volume. 
They found that the subjects showed reduced vasoconstriction and a blunted tachycardiac 
response to-45 mmHg LBNP. They suggest that this type of prolonged endurance training 
reduces reflex responses to LBNP-induced central hypovolemia (Raven et al., 1992). 
Some studies have shown that the baroreflex control of forearm vascular resistance is 
reduced in endurance trained subjects and they have related this attenuated ability to training 
induced hypervolemia (Mack et al., 1991; Raven et al., 1992). Mack et al. studied the 
relationship between reflex stimulus i.e. changes in central venous pressure (CVP) and the 
response i.e. forearm vascular resistance (FVR). They found that the slope of the FVR/CVP 
relationship was inversely related to the subject's total blood volume. They suggested that the 
attenuated cardiopulmonary baroreflex sensitivity was related to blood volume expansion 
(Mack et al., 1993). 
However, some studies have shown similar degrees of venous blood pooling at a 
certain level of orthostatic stress suggesting that the effect of increased venous compliance 
might not be significant (Raven, Rohm-Young and Blomqvist, 1984). Raven et al. compared 
average fit (V02max 41.3 ± 2.9 ml/kg/min) and fit (V02max 70.2 ± 2.6 ml/kg/min) young 
male subjects for cardiovascular responses to graded LBNP up to-50 mmHg. They found 
that subjects from both groups had a similar level of peripheral venous pooling as determined 
from leg circumference measurements. However, the fit subjects showed lower peripheral 
resistance and tachycardiac responses to LBNP (Raven, Rohm-Young and Blomqvist, 1984) 
Pawelczyk and Raven reviewed several hypotheses, which suggested that chronic 
endurance training reduces orthostatic hypotension. They suggested four factors: increased 
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venous compliance, ventricular hypertrophy, increased blood volume and reduced carotid 
and aortic baroreflex responsiveness (Pawelczyk and Raven, 1993). 
Orthostatic Tolerance and Age 
Cardiovascular parameters such as cardiac output, stroke volume, left ventricular 
contractility and blood volume are reduced with age. Other parameters such as body 
composition and V02max are also altered with age (Holloszy et al, 1993). With reduced 
cardiac output, stroke volume and blood volume, elderly subjects are expected to have a 
lowered orthostatic tolerance. Although uncertainties regarding the effects of age on 
orthostatic tolerance remain unresolved, studies comparing young and old persons have given 
useful insights into the matter. 
Central cardiovascular responses 
Several studies have shown that, when subjected to similar levels of orthostatic stress, 
cardiovascular responses of older persons differ from those of the younger persons. 
There is an attenuated increase in heart rate among the elderly as compared to younger 
persons in response to similar orthostatic stress (Frey and Hoffler, 1988; Lanne et al., 2000; 
Gabbett et al., 2001; Shi et al., 2000). Gabbett et al. compared cardiovascular regulation of 
younger (23 ±1 yrs) and older (73 ±1 yrs) subjects during head-up tilt. They showed that 
there was a significant increase in the heart rate at the onset of stress in both younger and 
older men; however, the rate of change and the peak change in the HR were different 
between the two groups with the older showing less and slower increases in HR (Gabbett et 
al., 2001). Shi et al. compared young (25 ± 1 yrs) and elderly (64 ± 1 yrs) subjects. They 
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found that during -40 mmHg of orthostatic stress the older subjects showed lower 
tachycardia and greater hypotension compared to younger subjects. They also found that 
after parasympathetic blockade, the tachycardiac response of younger subjects diminished 
and they also showed hypotension after onset of orthostatic stress. They attributed the 
reduced reflex tachycardia among the elderly to reduced capacity to withdraw vagal tone (Shi 
et al., 2000). 
It was also observed that there is a decreased drop in stroke volume among the elderly 
in response to orthostatic stress (Lanne et al., 2000; Seals et al., 1992). Lanne et al. studied 
the cardiovascular responses of younger (22 ± 0.55 yrs) and older (65 ± 0.8 yrs) subjects to 
acute hypovolemia induced by LBNP (60 cmH20). They found that there were smaller 
increases in heart rate and peripheral resistance among the older subjects compared to the 
younger subjects. They suggested that this could be because there is less drop in stroke 
volume in the older subjects thus diminishing the central blood volume loss. (Lanne et al., 
2000). Seals et al, 1992 studied the sympathoadrenal -circulatory regulation of arterial 
pressure using LBNP of-10 to-50 mmHg in young (21-29 yr) and older (61-72 yr) subjects. 
They found that the increase in the heart rate and drop in the stroke volume were 
significantly smaller in the older subjects (Seals et al., 1992). 
Vascular Resistance Response 
The results regarding peripheral vascular resistance response are conflicting. Gabett et 
al. showed that the elderly could maintain their blood pressure better compared to young 
subjects despite the reduced increase in heart rate in response to the orthostatic stress. They 
attributed this to higher vascular resistance among the elderly (Gabbett et al., 2001 ). Other 
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studies also have concluded that the elderly have higher peripheral vascular resistance 
responses compared to younger people, to a similar level of orthostatic stress (Frey and 
Hoffler 1988; Shi et al., 2000). Shi et al. report systemic hypotension at the onset of 
orthostatic stress among the elderly due to reduced tachycardia but not in the younger group. 
However, their older subjects were able to maintain blood pressure throughout the test. They 
too attributed this initial lack of tachycardia to vagal dysfunction and suggested that the 
higher vascular resistance maintained arterial blood pressure during steady state LBNP 
among the elderly (Shi et al., 2000). 
On the other hand, some studies have reported similar vascular resistance responses to 
orthostatic stress among the young and elderly (Mack et al., 1993). Some studies have also 
reported larger forearm vascular resistance responses in younger persons than older persons 
(Mancia et al., 1989; Davy, Seals and Tanaka, 1998). Mancia et al. studied the association 
between aging and cardiopulmonary reflexes in three groups of subjects (23.7 ± 1.6 yrs, 41.2 
± 1.3 yrs and 68.8 ± 1.5 yrs) during leg raising and LBNP. They found that during LBNP the 
reflex increases in forearm vascular resistance and plasma norepinephrine were smaller in the 
older subjects compared to middle-aged or young subjects (Mancia et al., 1989). Davy et al. 
(1998) found that the reflex-mediated increases in limb vascular resistance during 
hypovolemia were smaller in the elderly persons. They suggested that the elderly have an 
attenuated vasoconstrictor response to sympathetic stimulation (Davy, Seals and Tanaka, 
1998). 
12 
Baroreflex Sensitivity 
Several studies investigating the effects of age on baroreceptor activity have reported 
decreased baroreceptor sensitivity with age (Frey and Hoffler, 1988; Piccilliro et al., 2001; 
Mancia et al., 1989). Mancia et al measured the left ventricular end-diastolic diameter in 
young, middle aged and older subjects and found that the decreases in the diameter due to 
graded LBNP were smaller in the elderly compared to the other groups. They suggested an 
impaired cardiopulmonary baroreceptor sensitivity to explain their results. They also suggest 
that because of the 'stiffer' walls of the heart, the cardiopulmonary baroreceptors of the 
elderly might be less efficient at detecting the central venous pressure changes (Mancia et 
al., 1989). Piccirillo et al. studied the effects of aging on cardiac baroreflex sensitivity by 
power-spectral analysis (a. index). They studied the cardiopulmonary baroreflex sensitivity in 
five groups of subjects with ages ranging from 9 to 94 yrs. They found an inverse 
relationship between all a. indexes and age. They found that the cardiac baroreflex sensitivity 
diminished markedly between the younger groups (younger than 48 yrs of age) and older 
groups (above 48 years of age). Thus, they concluded that the cardiac baroreflex sensitivity 
diminishes predominantly in the middle age. (Picirillo et al., 2001 ). 
On the other hand, some studies have reported either unimpaired or even augmented 
baroreceptor sensitivity among the elderly (Davy, Seals and Tanaka,1998; Shi et al., 1996). 
Davy, Seals and Tanaka, studied the cardiopulmonary and integrative sympathetic 
baroreflexes in young (23 ± 1 yr) and old (64 ± 1 yrs) subjects. They reported that ~MSNA/ 
~PVP was 150% greater in the older subjects but ~FVR/ ~PVP and ~FVR/ ~MSNA 
were 50% and 65%-70% smaller in older subjects respectively. They concluded that although 
the reflex vasoconstriction of the forearm vasculature is diminished in the elderly, the 
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cardiopulmonary and integrative baroreflex control of the central sympathetic outflow during 
LBNP induced hypovolemia are intact (Davy, Seals and Tanaka,1998). Shi et. al studied the 
arterial and cardiopulmonary baroreflexes in young (27.9 ± 1.5 yrs) and elderly (62.3 ± 0.4 
yrs) subjects. They reported that there was no difference in the discrete baroreflex (slope of 8. 
FVR/ 8.CVP for cardipopulmonary baroreflex sensitivity and maximal gains of carotid-HR 
and carotid MAP baroreflex in response to neck pressure for carotid baroreflex sensitivity) 
function due to age. They also found that during LBNP-induced central hypovolemia without 
hypotension both maximal gains of carotid- HR and carotid-MAP baroreflex were increased 
in the younger subjects. From these findings they concluded that the interaction of 
cardiopulmonary and carotid baroreceptors was absent in the elderly. They further suggested 
that this age related difference was associated with a change in the central nervous system 
integration at the cardiovascular center. (Shi et al., 1996). 
Venous Compliance 
It has been shown that venous compliance is reduced with age. It has also been shown 
that compliance can be maintained among the elderly up to a certain level by regular 
endurance training (Monahan et al., 2001 ). Monahan et al. studied influences of aging and 
endurance training on calf venous compliance on young (28+ 1 yr) and elderly ( 65+ 1 yrs) 
sedentary and young (27+1 yrs) and elderly (63+2 yrs) endurance trained (involved in 
strenuous endurance exercise> 5 days/week) subjects. They found that calf venous 
compliance was 70 to 120% greater in the endurance trained subjects as compared to the age-
matched sedentary subjects and it was 40 % lower in sedentary and 20% lower in endurance 
trained elderly men as compared to the younger subjects. They concluded that calf venous 
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compliance was reduced with age, but was better preserved with endurance training. 
(Monahan et al., 2001) 
Some studies have suggested that reduced venous compliance among the elderly might 
have an effect on orthostatic tolerance (Olsen and Lanne,1998). Olsen and Lanne compared 
the venous compliance in young (20-24 years) and elderly (60-66 years) subjects and found 
that the elderly had reduced venous compliance and reduced capacitance response to LBNP 
than the younger persons. They suggested that the blood volume displacement during 
orthostatic stress can differ between young and elderly persons which can reduce the central 
hypovolemic stimulus. They further suggested that this can account for decreased baroreflex 
sensitivity which has been reported among the elderly. (Olsen and Lanne,1998). 
Fitness level and orthostatic tolerance among the elderly 
Improved fitness levels among the elderly have been associated with improved 
orthostatic tolerance. Fleg et al. (Fleg et al., 1992) compared highly trained elderly athletes 
(V02max 52.4 +1.7 ml/kg/min) with controls (V02max 31+2.9 ml/kg/min) who did not 
exercise regularly and found that the trained subjects maintained their end diastolic volume, 
stroke volume, cardiac output and also their mean arterial blood pressure better during graded 
LBNP (0 to -50 mm.Hg). They suggested that the older subjects, and especially the 
endurance trained, rely more on the Frank-Starling mechanism during orthostatic stress than 
the younger persons. Gass et al. also reported that, although some studies on younger 
subjects have shown that endurance exercise training can compromise orthostatic tolerance, 
the elderly can improve their V02max without compromising orthostatic tolerance. The 
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subjects who underwent training in their study increased V02peak by 10 to 12 %. They 
showed that heart rate, arterial pressure and the baroreflex function were not different 
between the endurance trained older subjects and the control subjects when subjected to 
head-up tilt (Gass et al., 2001). 
Summary 
The data suggest that the cardiovascular responses to orthostatic stress differ 
depending on the age and the fitness level of the person. The elderly show diminished total 
peripheral resistance and tachycardia and experience a reduced drop in stroke volume in 
response to LBNP. However, most of these studies employed submaximal orthostatic stress 
and did not stress the subjects to tolerance. Very few studies have used such levels of LBNP 
with the elderly. A study of cardiovascular responses to maximal orthostatic stress comparing 
subjects across different age groups and fitness levels will give us further insights about the 
mechanisms for regulation of blood pressure and central venous pressure during orthostatic 
stress. 
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CHAPTER3:METHODS 
Participants 
Forty subjects without any diagnosed cardiovascular disease underwent graded LBNP 
to presyncope. There was a group of young subjects (below 30 yrs) (n=20, 10 males and 10 
females) and a group of older subjects (above 60 yrs) (n=20, 10 males and 10 females). The 
young and the old subjects were further grouped into fit and unfit (n=lO each) according to 
their fitness level. All subjects underwent a maximal graded exercise test (Bruce protocol for 
younger subjects and Modified Bruce protocol for the elderly) to determine their fitness 
status. V02peak estimates were obtained for all the subjects using the time to termination of 
the stress test as the criteria. The subjects were grouped into fit and unfit using YMCA norms 
based on gender and age (Golding L.A. et. al, 1989). All the women were tested during the 
follicular phase (days 3-10 following the onset of the menstrual cycle) of their menstrual 
cycle. None of the subjects had any diagnosed heart disease and none of the subjects were on 
medications known to influence cardiovascular responses. Written informed consents were 
obtained from all the subjects. The study was approved by the Human Subjects Committee of 
Iowa State University. 
Orientation Session 
All the subjects went through an orientation before actually participating in the study. 
The subjects reported to the laboratory where their height and weight were recorded and 
skinfold measurements were performed for determination of body composition (Pollock, 
Schmidt and Jackson, 1980). During the LBNP orientation, subjects were placed in the 
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LBNP chamber and were exposed to LBNP from 0 mmHg to -50 mmHg in 10 mmHg stages 
with each stage lasting 2 minutes. 
LBNP protocol 
Subjects were asked to refrain from any exercise for 12 hours before the test and from 
eating or drinking any beverages for 3 hours before the test. During the test, each subject was 
placed supine in the LBNP chamber, sealed at the level of iliac crest with their feet well away 
from the base of the chamber and their body supported by a bicycle seat sealed inside the 
chamber. The subject was instrumented for the measurement of heart rate, stroke volume, 
cardiac output, blood pressure and forearm blood flow. After 12 minutes at ambient 
barometric pressure (0 mmHg), negative pressure was induced inside the chamber with 10 
mmHg decrements every four minutes. The test was completed at -100 mmHg or at the onset 
of presyncopal symptoms or at the subject's request. Presyncopal symptoms included a drop 
in systolic blood pressure :::: 15mmHg or sustained systolic blood pressure of .:S80 mmHg, 
sudden bradycardia, nausea, dizziness, profuse sweating, grey out or tunnel vision. They 
were encouraged to continue as long as possible. Subjects were instructed to remain relaxed 
and to refrain from constricting their leg muscles throughout the test. 
Assessment of hemodynamic responses 
Heart rate was measured using standard electrocardiography (ECG) and 5 electrodes. 
Blood pressure was measured using a Dinamap (J&J Medical, Tampa, FL), an automated 
oscillometric monitor using a cuff placed around the right arm. Stroke volume was 
determined using impedance cardiography (Model 304B, Surcom, Minneapolis, MN). For 
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these measurements, band electrodes were placed around the subject's torso and the base of 
the neck while spot electrodes were placed on the subject's forehead and abdomen. Stroke 
volume was measured using commercially available software (Microtonics Corp., Chapel 
Hill, NC). The product of heart rate and stroke volume was calculated for cardiac output. 
Heart rate, stroke volume, cardiac output and blood pressure were recorded every minute. 
Forearm blood flow was measured using mercury-in-silastic strain gauge 
plethysmography (D.E. Hokanson, Bellevue, WA; Whitney, 1953). The forearm was placed 
slightly above the shoulder level and the wrist was suspended higher than the elbow. A blood 
pressure cuff was placed around the upper arm. This cuff inflated to (45mmHg) and deflated 
three times every minute (completing three 20 second cycles). In order to occlude circulation 
to the hand during the test, a wrist cuff was used. This cuff was inflated to 210 mmHg for the 
last 5 minutes of the rest period and for the last 3 minutes of each 4 minute LBNP level. The 
strain gauge was placed around the proximal portion of the forearm at about one third the 
distance from the olecrenon process to the ulna styloid. Forearm blood flow was assessed 
every 20 seconds. 
Statistical Analyses 
The LBNP Tolerance Index (LTI) was calculated as the sum of the products of the 
length of time completed at each stage and the change in LBNP from the previous stage. The 
resting, anthropometric variables and LTI were compared using ANOVA (age x fitness). 
Means from the last two minutes of each stage were calculated as well as the last 2 minutes 
of the entire LBNP test. Total peripheral conductance (TPC) was calculated as the ratio of 
cardiac output and mean arterial blood pressure (determined from Dinamap) whereas forearm 
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vascular conductance (FVC) was calculated as the ratio of forearm blood flow and mean 
arterial blood pressure. Differences in variables such as cardiac output, stroke volume, heart 
rate, forearm blood flow were calculated using repeated measures ANOVA (age* fitness* 
cardiovascular variables). Significant differences were located using the Student-Newman-
Keuls procedure with significance set at p <0.05. Data were reported as X ± SEM. 
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CHAPTER4:RESULTS 
Table 1 summarizes the anthropometric characteristics of all subjects (n= 20 women 
and 20 men) in the study. The groups did not differ significantly in either height body or 
surface area. The groups differed significantly between young and elderly with respect to 
age. The unfit groups had higher body mass index than the fit groups. The young fit group 
had a lower percent body fat than the other three groups. Importantly, the groups did not 
differ in the lower body negative pressure tolerance index (L Tl). Three subjects finished the 
entire protocol with one in the YF, two in the OU group. 
Table 1 - Anthropometric data for all subjects (n= 40) 
Variable Young Unfit (YU) Old Unfit (OU) YoungFit(YF) OldFit(OF) 
Age (years) 23.1± 1 70.9± 1 *§ 22.6± 0.5 73.9+ 2 *§ 
Height (cm) 171.7+ 3.0 167.7+ 3.0 173.6+ 2.0 170.4+ 4.0 
Weight(kg) 88.8+ 5.0 § 84.6+ 5.0 § 67.5+ 3.0 75.2+4.0 § 
Body fat(%) 16.4±_2.0 § 28.5±2.0 § 27.2±3.0 34.6±2.0 § 
BMI 22.3+2.0 25.7+ 1.0 30.3+ 1.0*~ 29.8+ 0.5 *~ 
BSA 1.80± 0.01 1.86± 0.01 2.01± 0.01 1.93± 0.01 
V02oeak 41.1+ 2.0 27.l+ 2.0 §~ 57.l+ 2.0 §~ 39.0+ 2.0 
LTI 264+ 18 304+ 19 291+ 17 282+ 34 
Values are mean± SEM. BMI- body mass index, BSA - body surface area, L TI - lower body 
negative pressure tolerance index. * P<0.05 versus young unfit,, P<0.05 versus old unfit, § 
P<0.05 versus young fit. 
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Resting Data 
Resting heart rate (HR) of the YF group was significantly lower than the other groups 
(Fig 1). The YF group and the OU group had significantly different resting stroke volumes 
(SV)(Fig 2). Cardiac output was not different in any of the groups (Fig 3). The OU group had 
a significantly higher mean arterial pressure (MAP), systolic blood pressure (SBP) and 
diastolic blood pressure (DBP) and Pulse pressure (PP) than all the other groups. The YF 
group had a significantly lower DBP than OU group and OF group (Fig 4,8,9 and 5 
respectively). Forearm vascular conductance (FVC) was higher in the OF group than the 
other groups (Fig 6). Total peripheral conductance (TPC) tended (P = 0.054) to be lower in 
the OU group (Fig 7, 
Table 2). 
Hemodynamic Responses to Submaximal LBNP 
Hemodynamic responses to LBNP are illustrated in figures 1through9 and Table 2. 
There were no significant differences between the groups except for those observed at rest. 
However, there were some LBNP by group interaction differences. Tow subjects reached the 
presyncope before -40 mmHg of LBNP and were excluded from this analyses. 
Heart rate was greater than the resting in all the groups at the last stage (Table 2). The 
YF group also had a greater heart rate response at -40 mmHg than the other groups (Fig 1 ). 
HR recorded at the last stage was significantly higher than at -40 mmHg for all the groups. 
Stroke volume fell below the resting level at 20 mmHg for YF group; for all the groups SV 
fell below the rest at -40 mmHg and at the last stage. The YF group experienced a more 
pronounced drop in SV than the other groups. SV at last stage was significantly lower than at 
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-40 mm.Hg for OU and YF groups (Fig. 2). All the groups experienced similar decreases in 
the cardiac output across the protocol (Fig. 3). 
The OU group maintained a significantly higher MAP, SBP and DBP than the other 
groups throughout the test (Fig 4, 8 and 9 respectively). For MAP and PP (Fig 5), OU 
showed significant drops at the last completed stage in the protocol and -40 mmHg 
respectively. In case of SBP and DBP, YU and OU showed the earliest significant drops at 
the last stage. OF showed a significant drop in the TPC at-20 mm.Hg, earlier than the other 
groups (Fig 7). OF showed a significant decrease than rest in FVC at -30 mm.Hg. However, 
the other groups did not show any changes in FVC (Fig. 6). 
Presyncope 
Results are presented as one minute before end (E-1) and last minute of the test (E). (Fig 1-9, 
Table 2). Three subjects finished the protocol thus, did not reach presyncope. They were 
excluded from this analysis. HR was significantly higher than at rest for YU and YF and SV 
was significantly higher than rest for all the groups. Cardiac output was lower than rest at E-1 
and E for OU and OF. MAP was significantly lower than rest at E-1 for OU but significantly 
lower than rest at E for all the groups. SBP was significantly lower than at rest at E-1 and E 
for OU, YU and OF but only ate for YF. DBP was significantly lower than rest for OF and 
OU at E-1 and E and at E for YU. Pulse pressure was found to be lower than rest for OF and 
YU at E-1 and E. There were no changes observed in FVC or TPC at the last two minutes of 
the test. 
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Table 2 - Mean hemodynamics responses to rest and lower body negative pressure. Data are 
Mean± S.E.M. * P< 0.05 vs. rest, t P<0.05 vs. OU, t P<0.05 vs. YF, § P<0.05 vs. OF. 
Lower Body negative pressure (mmHg) 
Variable Group Rest -10 -20 -30 -40 
Heart Rate 
(Beat/min) YU 68±3 * 69±4 69±4 71± 4 76±4 
OU 70±3 * 67±3 69±3 69±3 72±3 
YF 54±2 55±2 58±3 60±4 66±4 * 
OF 67±4 * 67±4 68±4 69±4 69±5 
Stroke Volume 
(L/beat) YU 105±14 97±13 90±12 85±11 69±9* 
OU 81±7 76±6 68±5 60±5 55±6 * 
YF 131±8 t 124±7 109±7 * 102±9 * 82±8 * 
OF 104±16 92±14 87±18 86±20 76±19 * 
Cardiac output 
(L/min) YU 7.06±1.00 6.62±1.00 6.27±1.00 5.95±1.00 5.20±1.00 * 
OU 6.00±0.50 5.08±0.50 4.63±0.50 4.10±0.50 3.84±0.50 * 
YF 7.09±0.50 6.81±0.50 6.20±0.50 5.90±0.50 5.20±0.50 * 
OF 6.94±1.00 5.97±1.00 5.70±1.00 5.70±1.00 4.74±1.00 * 
Mean Arterial Pressure 
(mmHg) YU 83±3 t 85±2 t 83±3 t 83±2 t 82±2 t 
OU 99±2 98±2 97±2 96±2 96±2 
YF 75±2 t 75±3 t 75±2 t 76±2 t 76±3 t 
OF 83±3 t 83±2 t 84±2 t 84±2 t 85±1 t 
Pulse Pressure 
(mmHg) YU 54±2 t 57±2 55±3 56±2 52±3 
OU 65±6 t 63±7 65±7 62±6 60±6 * 
YF 53±3 t 53±3 52±3 52±3 52±3 
OF 53±4 t 54±4 51±5 49±6 50±4 
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Table 2 - continued 
Lower Body negative pressure (mmHg) 
Variable Group Rest -10 -20 -30 -40 
Systolic 
Blood YU 116±3 t 119±3 t 116±3 t 115±3 t 114±3 t 
Pressure OU 141±6 138±6 140±7 136±6 137±7 
(mmHg) YF 110±3 t 110±4 t 110±4 t 109±4 t 109±4 t 
OF 122±3 t 119±3 t 119±4 t 117±4 t 117±3 t 
Diastolic YU 62±3 t 62±2 t 61±3 t 60±2 t 61±2 t 
Blood OU 75±1 75±2 75±2 75±2 77±2 
Pressure YF 57±1 t 57±1 t 58±2 t 57±2 t 57±2 t 
(mmHg) OF 67±2 t§ 66±2 t 68±3 t 68±3 t 67±2 t 
Forearm YU 0.024±0.002 § 0.020±0.001 0.020±0.002 0.020±0.002 0.020±0.002 
Vascular OU 0.020±0.004 § 0.030±0.002 0.024±0.003 0.030±0.002 0.023±0.002 
Resi-
stance YF 0.030±0.002 § 0.030±0.001 0.030±0.001 0.024±0.001 0.022±0.001 
OF 0.041±0.003 0.033±0.002 0.032±0.002 0.030±0.004 0.024±0.005 
TPC 
(units) YU 0.090±0.000 0.080±0.000 0.080±0.000 0.070±0.000 0.070±0.000 * 
OU 0.060±0.000 0.050±0.000 0.050±0.000 0.040±0.000 0.040±0.000 
YF 0.090±0.000 0.090±0.000 0.080±0.000 0.080±0.000 * 0.070±0.000 * 
OF 0.090±0 .000 0.070±0.000 0.070±0.000 * 0.070±0.000 * 0.060±0.000 * 
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Table 2 - continued 
Lower Body negative pressure (mmHg) 
Variable Group Last Stage E-1 E 
Heart Rate YU 92±6* 96±21 * 95±22 * 
(Beat/min) OU 90±6* 98±15 * 94±18 * 
YF 98±8 * 98±35 * 84±43 * 
OF 89±9 * 80±20 * 78±24 * 
Stroke Volume YU 57±7 * 57±9* 55±7 * 
(L/beat) OU 38±4 * 35±5 * 45±10 * 
YF 48±5 * 60±12 * 88±15 * 
OF 70±29 * 51±7 * 50±8 * 
Cardiac output YU 4.97±0.50 * 5.12±0.57 5.1±0.48 
(L/min) OU 3.40±0.50 * 3.3±0.42 * 3.8±0.65 * 
YF 4.53±0.50 * 5.1±0.64 5.9±0.68 
OF 5.10±2.00 * 3.7±0.36 * 3.6±0.44 * 
Mean Arterial YU 81±3 73±13 63±13 * 
Pressure (mmHg) OU 83±4 * 72±16 * 66±21 * 
YF 78±4 67±16 61±19 
OF 84±3 70±9 59±17 * 
Pulse Pressure YU 48±3 45±8 * 38±8 * 
(mmHg) OU 42±6 36±14 29±18 
YF 48±4 45±9 31±10 * 
OF 47±2 39±10 * 24±8 * 
Systolic Blood YU 109±3 117±4 * 100±4 * 
Pressure (mmHg) OU 109±7 94±9* 82±11 * 
YF 105±4 97±5 80±6 * 
OF 112±2 96±5 * 72±5 * 
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Table 2- continued 
Lower Body negative pressure (mmHg) 
Variable Group Last Stage E-1 E 
Diastolic Blood YU 61±3 54±10 47±11 * 
Pressure OU 66±2 * 58±12 * 54±16 * 
(mmHg) YF 57±2 52±14 49±14 
OF 65±2 57±7 * 48±9* 
Forearm 
Vascular YU 0.020±0.003 0.030±0.009 0.034±0.007 
Conductance OU 0.020±0.004 0.040±0.005 0.040±0.005 
(units) YF 0.022±0.004 0.034±0.006 0.040±0.009 
OF 0.024±0.004 0.032±0.004 0.040±0.005 
Total Peripheral YU 0.060±0.000 * 0.070±1.000 0.080±0.500 
Conductance OU 0.040±0.000 0.050±0.500 0.070±1.000 
(units) YF 0.060±0.000 * 0.070±1.000 0.100±1.000 
OF 0.060±0.000 * 0.060±0.500 0.070±0.500 
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Fig 1. Heart rate response to lower body negative pressure. Last 
stage = Jast stage completed in 1re protocoi E-1 = 1 minute before 
end of1re test, E = 1ast minute ofk test See text for statistically 
significant diffurences. 
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Fig 8. Systolic blood pressme responses to lower body negative 
pressme. See Fig. 1 legend 
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CHAPTER 5: DISCUSSION 
The purpose of this study was to examine the effects of age and exercise training on 
orthostatic tolerance using lower body negative pressure. We hypothesized that the fit 
subjects would have a higher tolerance than the unfit and also the young subjects would have 
higher tolerances than the elderly. We also hypothesized that the cardiovascular responses 
would differ between the fit and the unfit and the young and the elderly. This study does not 
support the hypothesis that the fit subjects have a higher tolerance and that the young 
subjects have a higher tolerance. In this study all the four groups (YU, OU, YF and OF) had 
similar tolerances as indicated by L TI (Table 1 ). However there were slight differences in the 
cardiovascular data among the four groups. 
Previous studies have found conflicting results about the effects of age and exercise 
training on the hemodynamic responses to LBNP and LBNP tolerance. Convertino (1993) 
showed that the better the fitness status, the better the orthostatic tolerance. However, 
Pawelczyk and Raven (1993) showed that high fit (V02peak 60 ± 0.8ml/kg/min) subjects 
had lower tolerance to LBNP as compared to mid fit (V02peak 48.9 ± I ml/kg/min) and low 
fit (V02peak 35.7 ± 0.9 ml/kg/min) subjects. Although our young subjects had comparable 
V02peak estimates (YF =57.1± 2.0 ml/kg/min, YU= 41.1± 2.0 ml/kg/min) with previous 
studies, we did not see any significant difference in the tolerance to LBNP. 
Similarly there is not an agreement among researchers about the effects of age on 
orthostatic tolerance. Differences in the hemodynamic responses to LBNP have been 
reported between the elderly and younger subjects (Frey and Hoffler, 1998, Gabbett et al., 
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2001). Fortney et al.(1992) found that highly trained (V02max 52.4 ± 1.7 ml/kg/min) older 
subjects had lower decreases in cardiac volumes and MAP and a lower increase in the HR as 
compared to control subjects (V02max = 31.0 ± 2.9 ml/kg/min) (Fortney S. et al., 1992). In 
our study too, the YF group had a higher increase in the HR in response to LBNP (Fig. 1) 
and the OU group maintained higher MAP (Fig 4) throughout the protocol. However, the 
past experiments used submaximal LBNP to study the effects of age; thus tolerance was not 
assessed and also the fit older subjects in our study had lower V02peak (39.0 ± 2.0 
ml/kg/min) 
An important finding in this study was that there was no significant difference in the 
orthostatic tolerance (L TI) among the four groups. All the groups tolerated graded LBNP 
stress equally well. Thus our study shows that there is no significant difference in the 
orthostatic tolerance among the fit and unfit and young and elderly. 
However, there were differences in the hemodynamic responses to LBNP within each 
of the groups and, to a less extent, between groups. All the subjects showed gradual increases 
in heart rate and decreases in stroke volume and cardiac output with increasing LBNP. It has 
been suggested that in young subjects with V02peak above 55 to 60 ml/kg/min there is 
reduced orthostatic tolerance. One of the reasons suggested was a reduced tachycardic 
response. (Convertino, 1993, Blomqvist et al.,1991). This attenuated response was not seen 
in this study. The young fit group in this study had a mean V02peak of 57 ml/kg/min, but the 
tachycardic response to LBNP was most pronounced (Fig 1) in this group. 
The marked increase in HR could have been because the YF group had a lower resting 
heart rate compared to the other groups (Fig 1 ). YF also showed an earlier reduction in the 
stroke volume at -20 mmHg vs. -40 mmHg in the other groups (Fig. 2). In spite of these 
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differences, all the groups maintained cardiac output similarly (Fig. 3). From Fig 2 it can be 
seen that the YF group although having experienced the greatest drop in stroke volume, 
maintained their cardiac output higher than the other groups. This response might have been 
due to the accompanied increase in the heart rate. The YF group therefore coped with 
reduced central blood volume with tachycardia (Fig 1 ). 
It seems that the OU group was able to maintain blood pressure better than the other 
groups. The OU group had a higher MAP at rest and they maintained it at a higher level at all 
LBNP stages as compared to all the other groups (Fig 4). Thus they might have been able to 
maintain adequate cerebral blood perfusion in spite of the relatively large drop in MAP. They 
also had smaller initial FVC and TPC and also seemed to have experienced smaller increases 
in FVC and TPC (Fig 5, Fig. 6). However, the OF and YU groups seem to maintain the blood 
pressure despite reduced tachycardia and increased drop in the stroke volume by reducing 
TPC (Fig 7). Comparing the venous compliance properties of all the groups can yield more 
information about these results. 
The YF group seemed to maintain enough cerebral blood perfusion by a greater 
tachycardic response and also higher initial stroke volume. The OU group had high resting 
MAP and were also able to maintain it all through the protocol. The OF group seemed to 
cope with the reduced central blood volume by decreasing TPC. It seems that all the four 
groups have different mechanisms to withstand the orthostatic stress and to maintain blood 
pressure. 
We conclude from this study that all the four groups have similar orthostatic tolerance 
to graded LBNP. 
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Trends 
In the blood pressure responses to LBNP, YU and OF groups seem to be responding in 
similar fashion. Both the groups had a stroke volume lower than YF but greater than the OU 
(Fig 2). Both the groups had similar resting MAP and also experienced similar drops in the 
MAP with graded LBNP (Fig 4). Both the groups also seem to have similar resting SBP and 
DBP and similar decreases with lowering LBNP (Fig 8 and Fig 9). Although these were not 
significant differences, these trends suggest that there is an interaction of fitness and age, 
which can be explored further in future studies. 
Future Recommendations 
A similar study with more subjects in each group can improve the statistical power of 
the study making the trends observed more significant. Similarly, collecting venous 
compliance and baroreflex activity data may help to explain some of the apparent 
differences. A long- term exercise training study, with more subjects in all the four groups 
from this study, will give more insights into the interaction of fitness and age and will also 
answer question of whether fitness affects the young and the elderly in a similar fashion. It 
will also be interesting to see the fitness and age interaction in subjects with more spread 
apart V02peaks. 
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